The Ground-Based Velocity Track Display (GBVTD) technique was developed to estimate the 34 primary circulations of landfalling tropical cyclones (TCs) from single-Doppler radar data. 35
Introduction 52
Tropical cyclones (TCs) have long been recognized as a large cyclonically rotating vortex 53 possessing a dipole Doppler velocity pattern in a plan-position indicator (PPI) display, as 54 portrayed in Baynton (1979) . Wood and Brown (1992) illustrated that the characteristics of a TC 55 approximated by an idealized Rankine vortex, including its center, radius of maximum wind 56 (RMW), and the maximum wind speed, can be estimated from the location and magnitude of this 57 Doppler velocity dipole. Radial inflow/outflow near the RMW can be inferred if the 58 aforementioned pattern rotates clockwise/counterclockwise. In their framework, only three 59 pieces of information, i.e., the location, magnitude, and rotation rate of the Doppler velocity 60 dipole are used; therefore, only qualitative and limited quantitative TC structure near the RMW 61 can be obtained. C-band radar, especially in the inner core region critical to diagnosing TC intensity. Hence, the 93 VTD-family of algorithms requires that the input Doppler velocities are dealiased as a priori. 94
Manual dealiasing using software like SOLO (Oye et al. 1995 
Following LJCD, V d , V T and V R can be expanded into Fourier components in the ψ coordinates 158 sin cos
The Fourier coefficients, A n and B n can be obtained, and V T and V R from wavenumbers zero to 167 three can be solved from (4), (6) and (7) as follows: 168 
174
175 points, a local dealiasing method (Miller et al. 1986 ) is employed. Taking any one of these four 208 measured values (V e ) as a reference, the remaining three values are forced into the ambiguous 209 velocity interval centered on this reference value using (2). The proper Nyquist number (n) is 210 calculated as follows, 211 
Here j is the index of the data point on the GBVTD ring at a given height and radius. 225
Next, a quality control procedure is performed to eliminate some outliers in the gradients, 226 and the same low-pass filter as in Gao et al. 
where W n is the magnitude of each wavenumber and is set to 0.2. Here n represents the 247 wavenumber (n = 1, 2 and 3), and ψ 0 is the phase parameter. Note that there is no asymmetric 248 radial component assumed in the idealized vortex. 249
A hypothetical Doppler radar is located at the grid origin (0, 0) and has a maximum range 250 of 150 km. The TC center is set at 80 km north of the radar site at (0, 80). The TC circulation 251 generated from (19) ~ (21) is projected onto the radial direction of the hypothetical radar. LJCD 252 do not consider the velocity aliasing problem; they employ a high effective Doppler velocity. 253
Here, however, V N is set to 25 m s -1 typical of an S-band radar. Additionally, the impact of 254 random errors on the radar-measured V d is considered by using the following equation 255
Here α is the error amplitude and ε is a random number having a normal Gaussian distribution 257 with zero mean and unity standard deviation. An error standard deviation of 1 m s -1 is used for α 258 to represent the standard accuracy of observed V d for the WSR-88D radar, while a larger error of 259 α = 2 m s -1 is used for the extreme cases. 260
The analytic V d field is used to retrieve the primary circulation of TCs using GBVTD and 261
GrVTD techniques for comparison against the analytic truth. To quantitatively measure the 262 accuracy of GrVTD and GBVTD, the root mean square error (RMSE) and relative error (RRE) 263
between retrieved values and analytic values of the tangential winds are calculated as follows: 264 The GBVTD-and GrVTD-retrieved tangential wind fields for AL0 and AL1 are 296 illustrated in Fig. 3b-d , as compared with the analytic wind field in Fig. 3a . The GBVTD- (Fig.  297 3b) and GrVTD- (Fig. 3c ) retrieved tangential winds from V u data both agree well with the 298 analytic wind field (Fig. 3a) . The quantitative error statistics of retrieved tangential wind and 299 radial wind for both methods (AL0 in Table 2 ) also show a consistently small RMSE (<0.5 m s -1 ) 300
and RRE (<5%), and a high CC (close to 1), suggesting that the GrVTD and GBVTD have 301 comparable precision in the case without velocity aliasing. In contrast, the GBVTD-retrieved 302 wind fields (not shown) from V d show an incorrectly retrieved structure in the inner core of the 303 vortex where the velocity aliasing exists, with the RMSE (RRE) of the tangential wind 304 increasing to 28.1 m s -1 (97%) (AL1 in Table 2 ). The GrVTD, however, can recover the wind 305 pattern (Fig. 3d) well in both structure and magnitude, with its RMSE (RRE) of the tangential 306 wind being about 0.2 m s -1 (0.6%). These results suggest that GrVTD is able to retrieve the 307 primary circulation of a vortex directly and accurately from V d data. (Fig. 3e) shows good agreement with the analytic wind field (Fig. 3a) , except for 314 some small noises. With the random error amplitude increasing to 2 m s -1 (WR2), the primary 315 wind structure can still be well captured by GrVTD (Fig. 3f) Three experiments are conducted to examine the impact of asymmetric circulation, including 330 wavenumbers one, two, and three (AS1, AS2, and AS3) embedded within the axisymmetric 331 vortex. The asymmetric structures are generated using (21), and the parameters are listed in 332 Table 1 . 333 form an elaborate center finding algorithm, named "GBVTD-Simplex", which can identify the 383 TC center with reasonably good accuracy for both analytical and real TCs. They also noted that 384 the estimated center discrepancy needs to be less than 5% RMW to keep the nominal error of the 385 apparent wavenumber one less than 20%. However, the GBVTD-simplex algorithm does not 386 work with V d . In this study, the GrVTD-simplex method similar to GBVTD-simplex is 387 developed to objectively identify TC centers by maximizing GrVTD-retrieved axisymmetric 388 tangential wind. 389
As described in Lee and Marks (2000) , the GrVTD-Simplex method begins with an 390 initial TC center and RMW estimated from the single Doppler velocity dipole signature (Wood 391 and Brown 1992). In order to search for a global maximum of the mean tangential winds, an 392 array of 16 initial guess centers surrounding this initial center is conducted for subsequent 393 GrVTD-simplex algorithm and yields 16 different simplex center estimates for a given radius 394 within a range of likely RMWs. Finally, the mean and standard deviation of all 16 simplex 395 centers for each radius are computed, and outliers farther than one standard deviation away from 396 the preliminary mean center position are discarded. The optimal TC center is the mean center of 397 the remaining centers at the radius that yields the maximum axisymmetric tangential wind, and 398 the accompanying standard deviation is used as a proxy of the TC center uncertainty. 399
To quantitatively evaluate the performance of the GrVTD-simplex algorithm, the V d data 400 from experiments WR1, AS1, AS2, and AS3 are employed to estimate the vortex centers. The 401 results (Table 5) show that the mean error of estimated centers is 0.25 km from the true center, 402 comparable to 0.34 km in Lee and Marks (2000) , where the GBVTD-Simplex method was 403 applied to the analytical TCs using V a . In addition, it is noted that there are no significant 404 differences in the errors of the estimated center among axisymmetric and asymmetric vortex. The 405 maximum error is 0.39 km for AS1, which is still well below the 1 km error threshold (5% of the 406 20 km RMW) for accurate retrieval of TC asymmetry circulations. Therefore, the 407 GrVTD-simplex is quite robust for objectively determining the center of idealized vortices. The 408 GrVTD-simplex method will be further examined and its center will be used to retrieve 409 circulations of real TC in the next section. The raw radial velocity (V d ) at Z = 1 km (Fig. 6a) shows that Charley has a very small 418 eye with an eyewall radius of ~13 km. About half of the V d s are aliased in Fig. 6a including its  419 inner-core region (indicated by the black circle). The aliasing region can be viewed more clearly 420 in the GBVTD coordinates (Fig. 6c) . Fig. 6b shows the corresponding dealiased radial velocities 421 (V u ), which were edited and dealiased manually using the NCAR interactive "SOLO" software. 422
A clear dipole signature emerges in the eyewall through the dealiasing process. Starting from 423 these aliased V d (Fig. 6c) , the GBVTD-retrieved V T cannot deduce coherent structure as 424 illustrated in the ideal case. Therefore, we will not show those results in this paper. In 425 comparison, using ∂V d /∂ψ (Fig. 6d) , GrVTD bypasses the effects of aliasing, and produces a 426 reasonable retrieval of V T (Fig. 6e) . The retrieved tangential wind shows a distinct wavenumber 427 one structure in the eyewall region, with the peak wind located at the south-west quadrant. For 428 comparison, tangential winds are also retrieved from GBVTD using V u . The GBVTD-retrieved 429 winds from V u (Fig. 6f) have similar pattern and magnitude as GrVTD retrievals from V d (Fig.  430 6e), suggesting the GrVTD is not sensitive to velocity aliasing, consistent with those results from 431 analytic experiments. A more careful examination reveals that the major differences between the 432 GrVTD-and GBVTD-retrieved winds are located at R = 55 ~ 60 km in the northwest quadrant 433 and at R = 15 ~ 20 km south and south-west in the vicinity of eyewall. It is worthy to point that 434 the centers used in GBVTD-and GrVTD-retrieved winds here are estimated from GBVTD-and 435
GrVTD-simplex method, respectively. Therefore, the center determination discrepancy could be 436 one of reasons for these differences (more on this later). We also applied the GrVTD to other 437 heights. The GrVTD-retrieved winds from V d are still consistent with the GBVTD retrievals 438 from V u (not shown). 439
To further examine the differences between GrVTD with V d and GBVTD with V u , the 440 amplitudes of wavenumbers zero through three of the retrieved tangential winds (Fig. 7a) and the 441 axisymmetric radial winds (Fig. 7b) center is not observed in Charley, the smaller uncertainty of the GBVTD-simplex center suggests 458 a higher confidence level than the GrVTD-Simplex center. Using the GBVTD-Simplex center, 459 the GrVTD-retrieved wind distribution and magnitude from V d (Fig. 8a) become closer to the 460 GBVTD-retrieved results. The axisymmetric V T component (Fig. 8b) is very close to that using 461 the GrVTD-simplex center (Fig. 7a) , consistent to the fact that the axiymmetric V T component is 462 less sensitive to the center uncertainty in GBVTD analysis (Lee and Marks, 2000) . In contrast, 463 the magnitude difference in wavenumber one V T (Fig. 8b) and the axisymmetric V R (Fig. 8c)  464 between GrVTD and GBVTD decreased to less than 1 m s -1 at almost all analysis radii except for 465 R = 57~ 60 km, suggesting that the center determination difference contributes primarily to the 466 difference in the wavenumber one V T and the axisymmetric V R . Second, we calculate the 467 wavenumber one V T that is aliased from A 0 by substituting the M V  component (~ 5 m s and at R = 55-60 km from the hurricane center. These differences are mainly due to the 497 difference (~ 0.75 km) in the TC center positions estimated by the two methods. Although the 498 true circulation center is unknown, the GBVTD-simplex center is believed to have a slightly 499 higher confidence level due to a smaller center uncertainty than the GrVTD-Simplex center. 500
Overall, GrVTD using aliased velocity directly has a comparable performance to the original 501 GBVTD using manually dealiased velocity. Based on tests using analytic TC vortices and a single hurricane case, the ability for the 512 GrVTD algorithm to accurately retrieve the TC primary circulations from aliased radar radial 513 velocity is promising. Preliminary results applying GrVTD to several other TCs are consistent 514 with the findings here. The application of GrVTD to tornado cases will be reported in future 515 papers. Work along this line is underway. Furthermore, by comparing the GrVTD to the other 516 VTD-family of techniques, we note that there are trade-offs between the various formulations 517 that would favor one over another in different scenarios (i.e. enhanced center sensitivity but 518 reduced asymmetric distortion in GVTD; reduced mean wind determination and more potential 519 for noise, but enhanced robustness in aliased conditions for GrVTD). Given the strengths and 520 limitations of VTD-family of techniques, it is possible to combine these algorithms to maximize 521 their advantages. Given that velocity aliasing is a norm rather than an exception for most TCs, 522 the GrVTD-retrieved winds can be used as a first guess for dealiasing the radial velocity for 523 subsequent use in GBVTD and GVTD. Finally, the GrVTD algorithm enables the real-time 524 retrieval of primary circulations in landfalling TCs. As demonstrated in Zhao et al. (2011) , 525 assimilating GBVTD-retrieved primary circulations can improve the structure and intensity 526 analyses and forecasts of TCs compared to directly assimilating radial velocity. With the benefit 527 of being aliasing-proof, GrVTD retrievals can be used in a similar way. 
